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Abstract 
The aim of this study was to provide information to footwear manufacturers to assist improvements in player performance and 
injury rates. Custom-made studs were dropped onto a synthesised natural turf surface using a bespoke instrument drop-rig. Ten 
drops were performed with each stud and the acceleration profile from contact to a depth of 30mm was recorded. Theoretical 
predictions were made based on the soil mechanics used in civil engineering. A difference/reverse Helmert contrast ANOVA 
revealed two significant differences in the rate of penetration and a regression analysis indicated that perimeter length made a 
significant contribution (p < 0.01) to predicting the negative jerk of the studs. There were no significant differences or 
relationships associated with time taken to reach a depth of 30mm. This study provides a plausible explanation for the 
somewhat expected differences in penetration behaviour. It also highlights a key development in establishing a methodology 
for this type of work.  
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Centre for Sports Engineering Research, Sheffield Hallam University. 
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1. Introduction 
Shoe-surface interactions can influence both performance and injuries at all levels of football (soccer) (Bentley 
et al. 2011, Müller et al. 2010). Therefore further investigation is of interest to footwear manufacturers, surface 
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technicians and governing bodies to ensure high levels of play while maintaining a safe working environment for 
the players.  
Several studies have attempted to determine the best studs for particular situations (Müller et al. 2009, Kirk et 
al. 2007a, Clarke and Carré 2010). However, there is an absence of detailed understanding of the mechanisms 
behind the interactions involved. Furthermore, it is believed that previously, the variation of multiple parameters 
and differing test devices has obscured deeper insight (Ekstrand and Nigg 1989, Kirk et al. 2007b, Fleming 2011). 
Hence, there is a need to simplify these investigations in order to establish the key principles. Penetration depth can 
affect traction and shoe stability. Thus it is of interest to gain a clearer understanding of how different shaped studs 
penetrate the ground. Cross-sectional area will clearly affect stud penetration (Kirk 2008). If this is kept constant, 
the effect of stud shape can be investigated using the variation in perimeter length associated with different shapes.  
This study intends to establish a reliable and repeatable method for stud penetration testing. In addition, the 
study aims to determine how stud shape affects penetration characteristics on synthesised natural turf. The use of a 
synthesised turf is favourable as it eliminates the careful and costly monitoring required to maintain the life and 
moisture content of natural turf. What’s more, it provides a homogenous and practical test surface.  
 
 
2. Methods  
 
The experimental procedure involved attaching custom-made studs of varying perimeter lengths to an impact 
hammer (mass = 1.67kg) and dropping them onto a synthesised turf test surface. The impact hammer contained an 
accelerometer which allowed the penetration characteristics of each stud to be recorded.  
 
1.1 The test surface 
 
Each surface was made up of a mixture of kiln-dried sand (manufactured by Hanson, part of Heidelberg 
Cement AG, 69034 Heidelberg, Germany) and water, and was constructed in a wooden tray with dimensions 
400mm x 300mm x 40mm.  
A series of pilot tests were carried out using different ratios of the two constituents, along with various 
construction techniques. The aim was to arrive at a repeatable test surface which:  
 
a) Adhered to the IOG specifications of 2003 for Performance Quality Standards: 65 – 120 gravities as measured 
by the Clegg Impact Hammer (Jennings-Temple 2005); and 
b) Showed a level of consistency comparable to measurements taken by a Championship football club on both 
training and match day surfaces throughout an entire season (Rennie 2013). 
The test surface used was constructed as follows: 
 
1. The wooden tray was lined with a layer of cling film.  
 
2. The tray was then filled with 9.2kg of the kiln-dried sand and roughly levelled out by hand. This amount was 
used so that the sand could be evenly spread while keeping the top of the surface above the tray’s edge 
throughout.  
 
3. 1.4 L of water was added to the sand using a plastic beaker; this was spread as evenly as possible over the 
entire surface. An even spread could be gauged approximately by the colouration of the surface, with darker 
areas containing more water. This particular volume of water was chosen as it provided sufficient moisture 
without fully saturating the sand (Terzaghi 1943). Every surface consequently had a known composition of 
13.2% water as a result.  
 
4. A flat metal plate (length 300 mm x width 230 mm x depth 35 mm) was then used to compact the surface, 
removing any inconsistencies that may have arisen during the addition of the sand or water to the tray. This 
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was placed at five positions on the surface and stood on by the researcher (mass = 67.9kg) to give a consistent 
amount of pressure with each compression.  
 
5. Finally the surface was levelled off with a flat piece of wood measuring 600mm x 40mm x 15mm, using the 
top of the tray as a guide.  
 Four surfaces constructed using this method were analysed during pilot testing and gave hardness readings of 
111 ± 8 g (Mean ± Standard Deviation) as measured by the Clegg Impact Hammer. These hardness values 
were comparable to those of elite football pitches outlined previously (Jennings-Temple 2005). Therefore, the 
surface was deemed acceptable for this investigation.  
 
1.2  Stud dimensions 
 
Seven different studs were tested and compared. Their cross-sectional area was kept constant and chosen to 
reflect the approximate size of studs in the current market. All shapes used had sides of equal length. The 
dimensions of the rhombus were chosen to give an incremental increase in perimeter length of approximately 7mm 
in relation to the triangle and square. The number of sides dictated the perimeter lengths of the remaining shapes. 
This gave a range of 18.6mm from circle to rhombus as illustrated in Figure 1. In addition, the studs were 50mm in 
length – this far exceeds the maximum length of any practical football boot stud, allowing the entire region of 
interest to be monitored without any interference from contact between the impact hammer and the test surface. 
All studs were 3D printed using Selective Laser Sintering and were made from PA 3200 GF, a glass bead filled 
polyamide powder known for its superior stiffness. An aluminium core of diameter 4mm was then inserted to 
reinforce the studs against the possibility of fracture upon impact with the tray floor.  
 
1.3 The impact 
The studs were dropped at a fixed height of 0.60m for all tests. Using an electromagnet, the impact hammer 
was held at the correct height above the surface. The test commenced with the remote deactivation of the 
electromagnet. The hammer travelled along a guide rail to ensure a vertical transition and an impact velocity 
perpendicular to the test surface. This gave the stud an approximate energy of 8 J upon impact – an energy which 
was verified using high-speed video analysis during pilot tests. This energy is comparable to the values found by 
Driscoll (2012) during kicking movements in football and was therefore considered suitable for this investigation.  
 
1.4 Experimental procedure 
A total of ten drops were carried out with each stud. The surface was split into four regions of 267mm x 
150mm and one drop was incident at the centre of each region. This gave enough distance between impacts to 
minimise the effect of sand consolidation from previous drops (Terzaghi 1943).  
All data was recorded using an Endevco 7264G accelerometer (Meggitt Sensing Systems, 1-949-493-8181, 
14600 Myford Road, Irvine California 92606) capable of detecting up to 200g and collected using a SLICEware 
data acquisition system (Diversified Technical Systems Inc., Electric Avenue, Suite 206, Seal Beach, CA 90740 
USA). A sample rate of 10,000 Hz and a trigger level of 10 g were used. Pre and post trigger capture times of 0.2 s 
and 0.1 s respectively were used to guarantee that readings from the entire region of interest were captured.  
 
 
 
Figure 1. Cross-sectional view of all 7 studs in increasing perimeter length order from left to right. 
 
1.5 Data analysis 
All data was exported from the SLICEware software to Microsoft Excel (Microsoft Corporation, 1 Microsoft 
651 Robindronath Dé and David James /  Procedia Engineering  72 ( 2014 )  648 – 653 
Way, Redmond, WA 98052) for analysis. Every drop followed a similar pattern of behaviour during penetration 
and was characterised by three distinct sections as shown in Figure 2: Section A – From the point of first contact 
to the next maximum in the acceleration; Section B – from the peak in acceleration to the subsequent minimum; 
and Section C – from that minimum to the point at which a depth of 30mm was reached. The point of first contact 
was defined as three time-steps prior to the point at which the acceleration changed by more than four times the 
average shift in the signal due to noise. The end of the trial was determined by the time-step where the stud 
reached a depth of 30mm from the point of first contact; this was calculated via double integration of the output 
from the accelerometer. Excel was then used to plot a linear trend line through Section C. The gradient of this 
trend line was taken as the negative rate of acceleration (negative jerk) for that drop. The time taken to reach 
30mm was also noted. The analysis of penetration depth was not possible due to the bottoming out of all studs 
during testing.  
Statistical analyses were carried out using IBM SPSS Statistics Version 19 (International Business Machines 
Corp., New Orchard Road, Armonk, New York 10504, USA). The mean of 10 drops was used for each stud. It was 
hypothesised that an increase in perimeter length would give increased negative rates of acceleration and 
prolonged times to reach 30mm. The greatest variations in perimeter length occurred between the rhombus, square 
and triangle. Hence, a difference/reverse Helmert contrast ANOVA was performed to determine any significant 
differences between stud shapes for both independent variables (Field 2009). A regression analysis was also 
undertaken to detect any relationships between perimeter length and the two penetration characteristics in 
question. 
 
 
 
Figure 2. An example of a typical acceleration profile. This example is taken from an impact with a circular stud. Sections A, B 
and C are labelled as described in the Methods section 
3. Results 
All data concerning negative rates of acceleration complied with the assumptions required for the parametric 
statistical tests performed (Field 2009). The difference/reverse Helmert contrasts independent ANOVA revealed 
two significant differences:  
 
1) The rhombus shaped stud had a significantly higher negative rate of acceleration when compared to all other 
stud shapes, t (63) = -5.201, p < .05 (one-tailed), r = 0.55; and 
 
2) The triangular shaped stud had a significantly higher negative rate of acceleration when compared to all other 
stud shapes, not including the rhombus, t (63) = -1.720, p < .05 (one-tailed), r = 0.21.  
 
The ANOVA was followed up by a regression analysis which is detailed in Figure 3. The results indicate that 
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perimeter length made a significant contribution (p < 0.01) to predicting the negative rate of acceleration of the 
stud. Figure 3 goes on to illustrate that the relationship is positive and that 83.8% of the difference in negative rate 
of acceleration detected can be accounted for by the change in perimeter length. This is a strong effect as described 
by Cohen (1992). The same statistical analyses were carried out on the data for the time taken to reach a depth of 
30mm, however no significant differences or relationships were found. 
 
 
Figure 3. A summary of the trend analysis between negative jerk and perimeter length 
4. Discussion 
 
The findings indicate a clear and significant relationship (p < 0.01) between perimeter length and negative jerk. 
The statistical analysis hypothesised that an increase in perimeter length would result in higher negative rates of 
acceleration. The results of the investigation confirm this prediction.  
The hypothesis was based upon the soil mechanics analogous to the behaviour of driven piles used in civil 
engineering. Terzaghi (1943) explains that a pile’s downward movement is opposed partly by the skin friction 
between the soil and the surface area of the pile. Rajapakse (2011) used a modified version of Terzaghi’s bearing 
capacity equation to illustrate the dependence of skin friction on the perimeter area of the pile: 
 
ܷ݈ݐ݅݉ܽݐ݁ ݈ܲ݅݁ ܥܽ݌ܽܿ݅ݐݕ = ܧ݊݀ ܤ݁ܽݎ݅݊݃ ܶ݁ݎ݉ + ܵ݇݅݊ ܨݎ݅ܿݐ݅݋݊ ܶ݁ݎ݉   (1) 
 
and 
 
ܵ݇݅݊ ܨݎ݅ܿݐ݅݋݊ ܶ݁ݎ݉ = ܭ.ߪ௏ᇱ . tan ߜ .ܣ௣      (2) 
 
where, ܣ௣ = the perimeter area of the pile.  
 
The method used attempted to keep all terms except ܣ௣ constant during testing and the results reflect this to 
some extent. The significant differences in negative jerk occurred where the variations in perimeter length were at 
their greatest. Conversely, there were no significant differences in any of the other comparisons made, indicating 
some proportionality between negative rate of acceleration and perimeter area, and thus the perimeter length of the 
studs. This is in agreement with equation (2) and is reflected somewhat in Figure 3. However, there were no 
significant differences or relationships between studs when comparing the time to reach a depth of 30mm. Hence, 
during kicking movements in game situations, a difference is unlikely to be noticed. In hindsight, differences in 
time to reach a penetration depth of 30mm may have been apparent if impacts at lower energies were inspected. 
This would allow the action of skin friction to have a greater effect on the movement of the studs during 
penetration.   
With this in mind, the results may have practical implications for stud manufacturers and players themselves 
when selecting boots for a particular surface. If using studs with a large perimeter lengths, it is reasonable to expect 
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some detrimental effects: not only are lower penetration depths more likely to occur, complete penetration down to 
the outsole is also less probable due to the increase in negative jerk. In relation to injury, the effect of higher levels 
of skin friction could be positive or negative depending on the surface and its condition. Higher levels of skin 
friction could result in incomplete penetration, instability and points of increased plantar pressure resulting in an 
increased risk of injury. However, if penetration to the outsole were to be achieved, the increase in skin friction 
may have a beneficial effect when running on softer surfaces. The greater surface area involved in the boot-surface 
interaction could provide increased friction and improved traction, reducing the likelihood of injury via a slip or 
fall as alluded to by Fong at al. (2009) and Wannop et al. (2012).  
This study highlights the advancement of establishing a methodology for evaluating the behaviour of studs of 
differing shapes during penetration. The apparent influence of skin friction during penetration is significant and 
may prompt further experimentation.  
 
 
5. Conclusion 
 
This paper presents developments in establishing a reliable and repeatable method for carrying out stud impact 
research. The investigation revealed significant differences in penetration characteristics between studs of various 
shapes and provided a feasible explanation for the mechanisms behind these differences. Although there was no 
change between studs in the time taken to reach a depth of 30mm, there were significant differences and 
relationships in relation to their negative rates of acceleration. These differences only occurred when changes in 
perimeter length were at their greatest. This highlights the importance of the sensitivity of the test device, the 
repeatability of the test surface, and the selection of impact energy.  
 
 
6. Acknowledgements 
 
We would like to take this opportunity to thank the adidas innovation team for their continued support with this 
research. 
 
References 
 
Bentley J, Ramanathan A, Arnold G, Wang W, Abboud R, 2011. Harmful cleats of football boots: A biomechanical evaluation. Foot and Ankle 
Surgery; 17(3):140-144. 
Clarke J, Carré M, 2010. Improving the performance of soccer boots on artificial and natural soccer surfaces. Procedia Engineering; 2(2): 
2775-2781.  
Cohen J, 1992. A power primer. Psychol Bull; 112(1):155.  
Driscoll, HF, 2012 Understanding shoe-surface interactions in football. Thesis (PhD). Sheffield Hallam University. 
Ekstrand J, Nigg BM, 1989. Surface-related injuries in soccer. Sports medicine; 8(1): 56-62.  
Field A, 2009. Discovering statistics using SPSS. Sage publications. 
Fleming P, 2011. Increasing our knowledge of boot-surface interaction. Journal of Science and Medicine in Sport. 14:e46.  
Fong DTP, Hong Y, Li JX, 2009. Human walks carefully when the ground dynamic coefficient of friction drops below 0.41. Saf Sci.; 47(10): 
1429-1433. 
Jennings-Temple M, 2005. Linking soil moisture status of winter sports pitches to measures of playing quality. 
Kirk R, Manson G, Haake S, Carré M, 2007 (a). Effect of stud parameters on traction. J Biomech; 40(2): 55.  
Kirk R, Noble ISG, Mitchell T, Rolf C, Haake S, Carré M, 2007 (b). High-speed observations of football-boot-surface interactions of players in 
their natural environment. Sports Engineering; 10(3): 129-144. 
Kirk R, 2008. Traction of association football boots. Thesis (PhD). The University of Sheffield. 
Müller C, Sterzing T, Milani T, 2009. Stud length and stud geometry of soccer boots influence running performance on third generation 
artificial turf. 1(1). 
Müller C, Sterzing T, Lange J, Milani TL, 2010, Comprehensive evaluation of player-surface interaction on artificial soccer turf. Sports 
Biomechanics; 9(3): 193-205.  
Rajapakse R, 2011. Pile design and construction rules of thumb. Butterworth-Heinemann.  
Rennie D, 2013. The association between ground hardness and injury over the course of a season in professional football. Available 
at: http://sportsurf.lboro.ac.uk/workshops/STARSS/SE/DR.pdf. Accessed 20 August 2013. 
Terzaghi K, 1943. Theoretical soil mechanics.  
Wannop JW, Luo G, Stefanyshyn DJ, 2012. Footwear traction at different areas on artificial and natural grass fields. Sports Engineering; 15(2): 
111-116.  
